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Entericse Virus (RHDV) is widely used in Australia to control feral rabbit populations.
Before RHDV was released on the Australian continent in 1996, antibodies cross-reacting in RHDV speciﬁc
ELISAs were found in Australian wild rabbits, leading to the hypothesis that a non-pathogenic calicivirus had
been circulating in rabbit populations in Australia, potentially providing some level of cross-immunoprotec-
tion to RHDV infection. For the detection of this putative virus, a universal lagovirus PCR test was developed
to screen a variety of different tissues of wild caught rabbits. We identiﬁed a new lagovirus in the intestinal
tissues of three apparently healthy young wild rabbits. Quantitative Real Time PCR analysis revealed high
concentrations of viral RNA in intestinal tissues and suggests a faecal-oral mode of transmission. Genome
organisation and phylogenetic analysis following the sequencing of the entire viral genome revealed a new
member of the genus Lagovirus within the family Caliciviridae.
Crown Copyright © 2008 Published by Elsevier Inc. All rights reserved.IntroductionRabbit Haemorrhagic Disease Virus (RHDV) is the prototype of the
genus Lagovirus within the family Caliciviridae. Lagoviruses affect
members of the family Leporidae, such as European rabbits
(Oryctolagus cuniculus) and hares (lepus sp.). RHDV was ﬁrst described
in domestic rabbits in 1984, when an infectious, necrotizing hepatitis
with a mortality rate of up to 90% was observed in Angora rabbits in
China (Liu et al., 1984). The causative agent was later described to be a
calicivirus (Ohlinger et al., 1990). A similar disease caused by a
calicivirus affecting the liver, albeit less pathogenic, had previously
been described in hares as early as 1970 (Bascunana et al., 1997;
Chasey and Duff, 1990) and was referred to as the European Brown
Hare Syndrome (EBHS). Although genetically closely related, RHDV
and European Brown Hare Syndrome Virus (EBHSV) are antigenically
distinct (Capucci et al., 1995, 1991; Chasey et al., 1992; Wirblich et al.,
1994) and experimental inoculations of hares with RHDV and rabbits
with EBHSV did not cause disease or protect from subsequent
challenge with the respective other virus (Chasey et al., 1992; Lavazza,
et al.1996). In 1996 a third type of lagovirus was identiﬁed in domestic
rabbits (Capucci et al., 1996). It became apparent when animals in a
rabbitry seroconverted to RHDV without exhibiting any signs of
disease (Capucci et al., 1997). This virus caused a non clinical infection
of the intestinal tract. Due to the absence of pathogenicity, the name
rabbit calicivirus (RCV) was suggested for this new agent. In 2005x 1700, Canberra, ACT, 2601,
08 Published by Elsevier Inc. All riganother enteric calicivirus was isolated from rabbits exhibiting
symptoms of diarrhoea (Martin-Alonso et al., 2005). However, analysis
of the virus sequence and genome organisation placed this virus
within the genus Vesivirus.
The pathogenic representatives of the genus Lagovirus, RHDV and
EBHSV, pose a great risk to a small but important rabbit meat industry
(McIntosh et al., 2007) as well as to free-living rabbit and hare
populations, which are considered iconic hunting species in some
parts of Europe. In addition, RHDV indirectly affects the survival of
endangered predator species in Spain, such as the Imperial Eagle and
the Iberian Lynx (Delibes-Mateos et al., 2007), for which wild rabbits
represent the main food source. On the Australian continent the
situation is different. European wild rabbits multiplied to plague
proportions shortly after their deliberate introduction in the second
half of the nineteenth century (Richardson, 2001). Here rabbits cause
economic and even more severe ecological damage (Cooke, 1988) and
are considered one of Australia's worst introduced pests (Cowan and
TyndaleBiscoe, 1997).
In 1995, the Czechoslovakian reference strain of RHDV (Gould et al.,
1997; Smid et al., 1989) was brought toWardang Island, a small island
off the south Australian coast, with the intention to assess its potential
for rabbit biocontrol. However, the virus escaped from Wardang
Island, probably aided by insects (Cooke and Fenner, 2002), and
spread quickly across the mainland (Kovaliski, 1998). Upon its initial
spread it drastically reduced rabbit populations withmortality rates of
more than 95% reported from some areas (Mutze et al., 1998).
However, in certain regions of Australia, in particular the more humid
and comparatively cooler regions of the South East, the virus appeared
to have less impact on rabbit populations when compared to the morehts reserved.
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several of these areas the presence of antibodies cross-reacting to
RHDV was reported in rabbit sera collected before RHDV escaped to
the Australianmainland (Bruce and Twigg, 2004; Nagesha et al., 2000;
Robinson et al., 2002). This led to the hypothesis that there is a non-Fig. 1. Location of the degenerate primers used in the universal lagovirupathogenic virus circulating in Australian wild rabbit populations
which is antigenically similar to RHDV and, most importantly, conveys
cross-protective immunity to RHDV (Cooke et al., 2002). In experi-
mental studies Australian rabbits with antibodies classiﬁed as cross-
reacting to RHDV were challenged with RHDV, and subsequents PCR. Black boxes indicate the location of primers Rab1b and Rab2.
Fig. 2. Detection of puriﬁed viral RCV-A1 and RHDV particles using Western blot. Virus
capsid proteins were detected using the monoclonal antibody 5G3. The molecular
masses of the size standards are indicated. Arrowsmark capsid protein (60 kDa) and the
two major degradation products detected (40 kDa and 30 kDa).
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immunity (Cooke et al., 2002; Nagesha et al., 2000). Several
serological studies conducted in Europe and New Zealand also suggest
the presence of non-pathogenic caliciviruses in wild rabbit popula-
tions, some in samples collected as early as 1954 (Forrester et al.,
2007; Marchandeau et al., 2005; Moss et al., 2002; O'Keefe et al., 1999;
Rodak et al., 1990). Attempts to isolate a putative non-pathogenic
calicivirus from wild rabbits have so far been unsuccessful.
In this report we describe the identiﬁcation of a new calicivirus
isolated from wild rabbits. The detection of this agent was made
possible by using a universal lagovirus PCR test to screen a range of
different tissues fromwild caught rabbits. The methods described are
readily applicable to test for the presence of any lagovirus in any other
wild or domestic lagomorph population.
Sequence analysis and deduced genome organisation provide
strong evidence that the isolate is a new member of the genus Lago-
virus. Infected animals showed no apparent signs of disease and the
highest amount of viral RNA was found in tissues and contents of the
small intestine. We suggest the name rabbit calicivirus, Australia 1
(RCV-A1) for this new virus isolate.
Results
Screening wild rabbits for lagoviruses
A total of 252 samples of different tissues from four adult and 17
juvenile rabbits (b800 g) were screened using the universal lagovirus
PCR. The primer design for the universal lagovirus PCR was based on
sequence alignments including RHDV, the antigenic subtype RHDVa
(Capucci et al., 1998), EBHSV and RCV (Fig. 1 and Table 1). Intestinal
samples of three rabbits tested positive (MIC 1-4, MIC 1-5 and MIC 1-
6), resulting in a band of approximately 330 nt. All three PCR positive
individuals were young animals with weights ranging from 400–Table 1
Oligonucleotides used for ampliﬁcation and sequencing of RCV-A1
Primer Sequence 5′-3′ Orientation Positiona
Primers for virus detection
Rab1b CAGCDSGCACTGCYACCACAGCATC + 5327–5351
Rab2 GAAKCKRAACTGCATGCCACCAGCCCA − 5626–5652
Primers for ampliﬁcation of the RCV-A1 genome
CzE-1 GGKARGCAGTGGGCAAAGAAGGTTGT + 753–779
CzE-2rev GTTGTGAGCTTGCCAGCRCCCTTCATG − 1203–1229
CzE-4rev CCATACATMASAAAGTACTGTTTCCAC − 2208–2234
CzE-7 CWAAACACCTKTACAAGTGYTGGAG + 4190–4214
CzE-8rev AACKGCTGCRGACCAAAGCAACCAATGAC − 4706–4734
ALR-1 AGTGTTTACAACAACCTDATCAACC + 5866–5890
ALR-2rev ACRAACTCAAAGTCYTCACTTGGCC − 5936–5960
ALR-6rev CTCGCCAGTGGTATTATAAATCTTAACAC − 7326–7354
MICV-2rev GGCAGTGTACAGTATGCTACCTGGAGC − 5542–5568
MICV-3 CATTCGAGGACTCCGTTCCAACAGGCC + 1091–1117
MICV-5 GTTATTAGACTGGCAATTGACATTCTGG + 4531–4558
MICV-6rev GTTGCAGCCCTACTATCTGACCATTCCACC − 6056–6085
MICV-7 GTTGTTGCCAAATCCATCTATGGTGTTGC + 6484–6512
MICV-9 GGAGTACAGCTATCCACACTTGTTGG + 2085–2110
MICV-10rev CCAAACCTAGCTACCATCTTCAACTTGTAGC − 4373–4403
MICV-11 CAAACCACCTTGTTAACTTAGCCACC + 2909–2934
MICV-12 GTGAAAGTTATGGCGGTTTTATCG + 1–24
MICV-13rev CGTCCTCTGAAGTCAAGCAAGGCTC − 541–565
MICV-GP1 GCAGCCTCACGAGCGTTGTGATGAAGC − 941–967
MICV-GP2 CATGAGTATTGCAAGAAGGTTCACAGGC − 891–918
Primers for Real Time PCR
MIVC_1951FL cggtaGTCAAGCCCTCGGTTTACG (FAM) + 6150–6167
MIVC_1951FL/
2004RU
AGCGTACCAGAACTCAAGCACA − 6222–6243
GFP_620FL cggacACTACCTGAGCACCCAGTCG (ROX) + n/a
GFP_620FL/
653RU
GAACTCCAGCAGGACCATGTG − n/a
a Numbers indicate binding position on the genome of RCV-A1.600 g, corresponding to an age of approximately 6 to 9 weeks (Myers,
1958). All three rabbits were caught at the same rabbit warren.
Direct sequencing of the ampliﬁed PCR products revealed 18%
differences at nucleotide level when compared to RHDV, warranting
further investigation of the complete viral sequence.
Virus detection in Western blots
Tissue homogenates that tested positive in the PCR-test were
subjected to differential centrifugation and analysed on aWestern blot
using monoclonal antibody 5G3, an antibody that detects a conserved
linear epitope on the capsid protein of all known lagoviruses (Fig. 2).
This antibody has previously been shown to detect RHDV, EBHSV and
the Italian RCV isolate (Capucci et al., 1996). In the lanes containing the
puriﬁed RHDV capsids, three major bands were observed (lanes 3 and
4). A 60 kDa band represents the intact capsid, whereas two additional
bands of 40 kDa and 30 kDa are considered to be degradation
products. The lowermolecular weight bands as well as a shadow band
of approximately 29 kDa are commonly observedwhen staining RHDV
and RCV virus preparations with this particular antibody (Capucci et
al., 1995, 1996). A faint band migrating at approximately 60 kDa was
detected in puriﬁed material from tissues testing positive for RCV-A1
RNA (lanes 1 and 2). A smaller degradation product was also observed
in the puriﬁed material with a molecular mass that appeared
marginally higher when compared to the corresponding RHDV
protein. A 40 kDa band was not detected. No bands were detected
when analysing non puriﬁed tissue homogenates of PCR positive
rabbits on Western blots (data not shown).
Sequencing of the full length RCV-A1 genome
For the sequencing of the entire genome, the cDNA samples
obtained from the duodenum of two positive rabbits were used to
amplify the viral genome. A set of partially degenerate primers were
designed targeting conserved regions of lagovirus genomes. For the
design of these primers sequence alignments of RHDV and EBHSV
were used (primers with the preﬁx CzE, Table 1). Where available,
sequence information of RCV (Capucci et al., 1996), and the Ashington
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were included in the alignments (primers with the preﬁx ALR,
Table 1). Ampliﬁcation with these primers resulted in four PCR
products from different areas of the genome, allowing for the design
of primers speciﬁc for the new virus (preﬁx MICV-, Table 1) and
enabling the ampliﬁcation of 85% of the genome in four rounds of PCR.
The remaining 5′-and 3′-termini were obtained using commercial kits
as described in Materials and methods. The complete genome
sequence was obtained from rabbit MIC 1-4. The entire sequence
except the ﬁrst 500 nt at the 5′ end was independently obtained from
rabbit MIC 1-6. The two sequences were identical except for one base
pair substitution (A/G) in rabbit MIC 1-6 at position 4420.
Genome organisation and phylogenetic analysis of RCV-A1
The positive single stranded RNA genome of RCV-A1 is 7422 nt
long, including the 5 and 3′ non translated regions, but excluding the
polyA tail, making it slightly shorter than RHDV (7437 nt) and EBHSV
(7442 nt). When compared to RHDV, RCV-A1 has a 12 nt deletion
starting at position 404 and a 3 nt deletion starting at position 2137.
Similar deletions of 9 nt and 3 nt in length, respectively, are present at
the same location in the EBHSV genome. At position 6581, RCV-A1 has
a 3 nt insertion that is not present in the genome of other known
lagoviruses. The 5′ non translated region (NTR) is 9 nt long, which is
similar in RHDV (9 nt) and EBHSV (8 nt). The 3′ NTR with its 56 nt is
similar in length to that of RHDV (59 nt) and approximately half the
size of the 3′ NTR in EBHSV (92 nt). The putative transcription
initiation sites upstream of the start codon for both the full length and
subgenomic fragment are identical to those described for RHDV
(Meyers et al.,1991) (Fig. 3A). The average nucleotide identity between
RCV-A1 and RHDV is 78%, and 71% between RCV-A1 and EBHSV.
Similar to other lagoviruses the genome is organised into two major
open reading frames (ORFs) (Clarke and Lambden, 1997; Le Gall et al.,
1996;Wirblich et al.,1994). The ﬁrst and larger ORF1 is 7023 nt long and
codes for 2340 aa, the smaller ORF2 is 342 nt long and encodes 113 aa,
similar to the genome organisation in RHDV and EBHSV. All cleavageFig. 3. Organisation of the RCV-A1 genome. A: The top two lines depict the predicted full leng
of the full length and subgenomic fragment. Asterisks indicate identical sequences. Start cod
are inferred from sequence homology with RHDV. The amino acids ﬂanking the putative cleav
and the predicted molecular mass are indicated.sites described for the polyprotein processing of RHDV are also present
in RCV-A1 (Meyers et al., 2000) (Fig. 3B). The average identity between
RCV-A1 and RHDV at the amino acid level is 86.8%, ranging from 77%
between the p16 homologues, to 95% between the protease genes.
Phylogenetic analysis of the entire ORF1 amino acid sequence of
one EBHSV, 15 RHDV isolates and RCV-A1 conﬁrm that RCV-A1 is a
new member of the genus Lagovirus. The RCV-A1 branch is supported
by a bootstrap value of 100 (Fig. 4). The analysis was repeated using a
short nucleotide fragment of the capsid protein gene only, enabling
the inclusion of sequences of additional EBHSV isolates, the Italian
RCV isolate and genetically related virus isolates found in Ashington,
UK and Lambay, Ireland (Table 2). Rabbit vesivirus was used as an
outgroup in this analysis. Five major lagovirus groups are observed
(Fig. 5). The three EBHSV isolates form a separate clade of closely
related sequences. All pathogenic RHDV strains form a different clade,
further separating into viruses related to the prototype RHDV and the
antigenic subtype RHDVa. One of the remaining two branches consists
of Italian RCV together with the Ashington and Lambay isolates,
whereas RCV-A1 forms a branch of its own.
Quantiﬁcation RCV-A1 in different rabbit tissues
During the initial sampling of the ﬁeld-caught rabbits, a suite of
tissues was collected for analysis. As soon as the sequence of this new
virus was determined, a speciﬁc Real Time PCR assay with increased
sensitivity was developed to examine viral genome loads in the
collected tissues. The assay was designed as a duplex PCR assay,
enabling detection of the target gene and an internal control in the
same tube. Single stranded GFP-RNA was added as an internal control
template to each reaction to detect possible PCR inhibition and
normalise between duplicates. The detection limit for the target gene
was 100 copies. PCR inhibition was observed in RNA obtained from
caecum, pellets, the appendix, spleen and liver. Inhibitory effects were
overcome by 1:10 dilution and re-analysis of these samples. In all
three positive individuals the highest concentration of viral RNA was
consistently observed in the duodenum, reaching 6.2e6 copies per mgth and subgenomic transcript. Shown below is the sequence conservation of the 5′ ends
i are underlined. B: Schematic presentation of the RCV-A1 proteins. Cleavage fragments
age sites are italicized and shown in boxes. The size of the respective cleavage fragments
Fig. 4. Phylogenetic relationship of lagoviruses based on the entire amino acid sequence of ORF1. The evolutionary history was inferred using the Neighbor-Joining method. The
optimal tree is shown, the percentage of replicate trees inwhich the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches. The tree
is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. All positions containing gaps andmissing data were
eliminated from the dataset (complete deletion option). There were a total of 2226 positions in the ﬁnal dataset. Human Sapporovirus Manchester was used as an outgroup (branch
not shown).
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detected in the jejunum of the three rabbits. The distal part of the
small intestine contained lower amounts of viral RNA in rabbits MIC 1-Table 2
GenBank sequences used for phylogenetic analyses
GenBank accession # Virus isolate
AF258618 RHDV Iowa USA
AY523410 RHDV CD/China 04
DQ189077 RHDV 2006 Bahrain
DQ205345 RHDV JX/CHA/97 China
DQ280493 RHDV WHNRH China
EF363035 RHDV pJG Germany
EU250331 RHDV Vt97 Italy
EU003578 RHDV IN-05 USA
EU003579 RHDV Italy 90
EU003581 RHDV NY-01 USA
EU003582 RHDV UT-01 USA
M67473 RHDV FRG 91 Germany
U54983 RHDV-V351 Czech
X87607 RHDV-BS89 Italy
Z29514 RHDV-SD 95 France
Z49271 RHDV-AST89 Spain
AF454050 Ashington Isolate UK
DQ367359 Lambay Isolate Ireland
EU871528 RCV-A1 Australia
X96868 RCV Italy
NC_002615 EBHSV France
U09199 EBHSV pEB-2/4 Germany
X98002 EBHSV BS89 Italy
AJ866991 Rabbit vesivirus
X86560 Sapporovirus Manchester4 and MIC 1-6, and no virus speciﬁc RNA was detected in the ilium of
rabbit MIC 1-5. Other intestinal samples such as the appendix, caecum
and the pellets derived from the distal colon also tested positive for
RCV-A1. High concentrations of viral RNAwere observed in the Peyer's
patches. Virus was also detected in the spleen of two infected animals
(MIC 1-4 andMIC 1-5), and very low amounts just above the detection
limit were found in the liver of rabbit MIC 1-4. MIC 1-4 was also the
only animal where low amounts of viral RNA were detected in serum
(data not shown). No virus was detected in the tonsils and lungs of any
of the individuals.
Discussion
Here we report the identiﬁcation of a new member of the genus
Lagovirus within the family Caliciviridae.
Viral RNAwas present in a variety of tissues in three young rabbits
captured at the same rabbit warren. 94% of the viral sequence was
obtained independently from two rabbits, and proved identical except
for one base pair substitution. In addition to demonstrating full length
viral RNA in two different individuals, we were able to show the
presence of viral capsid proteins in intestinal homogenates. Taken
together these ﬁndings strongly support the presence of an active viral
infection. In silico analysis of the entire viral sequence revealed a
genome organisation highly similar to other known lagoviruses. The
putative transcription initiation sites as well as the proteolytic
cleavage sites are identical to those described for RHDV (Meyers et
al., 1991, 2000), suggesting similar transcription and proteolytic
processing mechanisms. When the capsid protein was analysed in a
western blot, marginal differences in molecular mass of the
Fig. 5. Phylogenetic relationship of lagoviruses based on a subfragment of the capsid protein nucleotide sequence. The evolutionary history was inferred using the Minimum
Evolution method. Bootstrap values of 1000 replicates are shown for the major branches only. The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The tree was searched using the Close-Neighbor-Interchange (CNI) algorithm at a search level of 3. The Neighbor-Joining
algorithm was used to generate the initial tree. Codon positions included were 1st+2nd+3rd+Noncoding, and the complete deletion option was selected. There were a total of 499
positions in the ﬁnal dataset.
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masses of both proteins are identical, these ﬁndings suggest potential
differences in degradation mechanisms or posttranslational modiﬁca-
tions when compared to RHDV. Nonetheless, such differences could
also result from unequal amounts of protein loaded onto the gel.
The presence of a calicivirus related to RHDV but non-pathogenic
andwhichmay be responsible for a level of cross-protective immunityFig. 6. Viral RNA load of RCV-A1 in different rabbit tissues. Different tissues of the three rab
RealTime quantitative RT-PCR. The dotted line represents the detection limit for the respechad long been suspected to reduce the effectiveness of rabbit
biocontrol in Australia (Cooke et al., 2002, 2000; Nagesha et al.,
2000; Robinson et al., 2002). Previous work has shown that RHDV is
less efﬁcient in cooler andmore humid areas of the continent (Henzell
et al., 2002), and Cooke et al., 2002 showed a signiﬁcant linear
relationship between the increase in annual rainfall and reduction of
RHDV mortality index (Cooke et al., 2002). Both studies suggest anbits positive for RCV-A1 were analysed. The amount of viral RNA was determined using
tive tissues.
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areas as a possible underlying cause for these observations. The new
lagovirus described here was found in Michelago, a locality in the
south east of the continent. The comparatively cool climate and
annual rainfall of above 600 mm per annum at this site are consistent
with these characteristics described to favour lack of RHDV effective-
ness. There were no signs of an RHDV outbreak in the population, and
none of the 28 animals analysed in this study showed any signs of
disease, indicating that RCV-A1 represents a good candidate for the
putative non-pathogenic Australian calicivirus. However, future
investigations using controlled infection studies are needed, to
reproduce infection and deliver proof of a replicating viral agent, to
demonstrate the non-pathogenic nature of this virus and, most
importantly, to determine if and to what extent RCV-A1 is capable of
providing cross protective immunity to RHDV challenge.
Nevertheless, even if RCV-A1 is incapable of protecting rabbits
from lethal RHDV infection, the presence of two related viruses in
Australianwild rabbits alone is of concern. The presence of pathogenic
RHDV may exert positive selective pressure for the evolution of RCV-
A1 variants with improved cross-immunoprotective properties. In
addition, recent studies show that recombination in RHDV can occur
quite frequently and may act as a powerful driver of lagovirus
evolution (Abrantes et al., 2008; Forrester et al., 2008). A potential
recombination event between RCV-A1 and RHDV, giving rise to a
chimeric virus with antigenic properties similar to RHDV, but
signiﬁcantly reduced pathogenicity could have devastating effects
for RHDV mediated rabbit biocontrol in Australia.
The distribution and virus load of RCV-A1 RNA in different tissues
of the three positive individuals was investigated using real time PCR.
Consistent with ﬁndings on RCV isolated in Italy (Capucci et al., 1996)
RCV-A1 RNA was detected in the tissues and contents of the small
intestine. Animal MIC 1-4 showed the highest overall viral RNA loads
and viral RNA was detected in more tissue types when compared to
the other two. It was also the only animal where low amounts of viral
RNA were detected in serum, suggesting that the three individuals
were at different stages of infection. Virus amounts were highest in
the duodenum and jejunum while the ilium carried less virus in two
individuals, and was absent from the ilium of the third. Tissues and
contents of the appendix, the large intestine and the pellets
consistently revealed high loads of viral RNA in all three individuals.
These ﬁndings suggest that primary replication may occur in the
proximal small intestine. It further indicates that the virus is then
concentrated in faecal matter and shed into the environment in
pellets, allowing for a faecal-oral route of transmission following close
contact of individuals. The observation that all three individuals were
obtained from the same rabbit warren and can be assumed to have
originated from the same social group of rabbits is consistent with this
suggested mode of transmission.
Due to its extensive characterisation, RHDV was adopted as the
prototype of the lagoviruses (Green et al., 2000). Capucci et al., 1996
termed their lagovirus RCV, to clearly distinguish this isolate from
RHDV due to its lack of pathogenicity and differences in tissue tropism
(Capucci et al., 1996). The distribution patterns of viral RNA in rabbits
infected with the RCV-A1 is similar to that of RCV, and clearly different
to RHDV infected animals (Capucci et al., 1996; Shien et al., 2000). We
suggest the name rabbit calicivirus—Australia1 (RCV-A1), for the virus
described in this study, to distinguish it from the Italian RCV and
RHDV.
Phylogenetic analysis using the entire protein sequence of ORF 1
showed that RCV-A1 is distinct from all previously describedmembers
of the genus Lagovirus and forms its own branch, supported with a
high bootstrap value. Several lagovirus isolates have been described
that differ signiﬁcantly from RHDV (Capucci et al., 1996; Forrester et
al., 2007; Moss et al., 2002). Unfortunately, the complete sequence
information of these isolates is not known. However, phylogenetic
analysis of the available partial capsid protein RNA sequences revealedthat the lagoviruses found in rabbits form a clade, with three major
groups, (i) the pathogenic representatives RHDV and the antigenic
subtype RHDVa, (ii) a group of ‘RCV-like’ comprised of the Italian
RHDV isolate and the isolates Ashington and Lambay and (iii) RCV-A1,
which forms a group in itself that is clearly set apart from the other
groups.
Our data suggest that a non-pathogenic lagovirus, the ancestor of
RCV-A1, may have arrived on the Australian continent together with
the ﬁrst rabbits as early as 1859 (Richardson, 2001). It is feasible that
during the following 150 years of geographical separation this virus
evolved differently on the two continents, resulting in the Australian
virus RCV-A1 and ‘RCV-like’ viruses including the European strains of
RCV, Lambay and Ashington virus. The phylogenetic analysis further
suggests that the virulent forms of RHDV have evolved more recently
from non-pathogenic European strains, a hypothesis also supported
by others (Forrester et al., 2008, 2006, 2007; Moss et al., 2002).
Identiﬁcation of lagoviruses infecting wild lagomorphs has mostly
been the result of targeted screening for either RHDV or EBHSV, often
associated with a disease outbreak. Due to the known pathology of
these viruses mostly liver tissue, serum and sometimes bone marrow
were chosen for analysis (Asgari, et al. 1999; Forrester et al., 2006,
2007; Le Gall et al., 1998; McIntosh et al., 2007; Moss et al., 2002;
Nowotny et al., 1997). In contrast, the strategy applied in this study
investigated a range of tissues, including intestinal tissue and contents
and the use of a universal lagovirus PCR. This allowed the detection of
a newmember of this virus family. We believe that if a similar strategy
is adopted by other researchers and awider range of tissues or at least
faecal samples are included when screening for viruses in both rabbits
and hares this will enable the detection of additional isolates, in
particular non-pathogenic representatives. Despite their relatively
high genetic similarities, viruses of this genus range in their
pathogenicity patterns from completely non-pathogenic to causing
mortality greater than 95%. Genetic analyses uncovering the extent of
diversity within this genus will contribute towards understanding the
evolutionary mechanisms of this virus family that have resulted in
such different phenotypes.
Materials and methods
Sampling
Rabbits were obtained from Michelago, New South Wales,
Australia, 35.44′ S, 149.09′E, 800 m above sea level. They were caught
in cage traps baited with diced carrots.
Caught animals were killed by cervical dislocation and opened
ventrally to collect blood directly from the heart using a 4 ml
vacutainer (Greiner). As the site of replication of the putative benign
virus was not known, samples were collected from lung, liver, spleen,
duodenum, jejunum, ilium, caecum, appendix, mesenterial lymph
nodes and Peyer's patches. The tonsils were removed and faecal
pellets were collected from the distal colon. Tissue samples were
immediately frozen at −20 °C. Serum was decanted off the blood
samples after clotting and also stored at −20 °C. The methods
described above were approved by the CSIRO Sustainable Ecosystems
Animal Ethics Committee (SEAEC # 06-31) using the guidelines of the
Australian code of practice for the care and use of animals for scientiﬁc
purposes.
Virus detection and genome sequencing
For the development of a universal lagovirus PCR assay sequence
alignments of both antigenic subtypes of RHDV as well as EBHSV and
RCV were used to design primers Rab1a and Rab2 for virus screening
(Fig. 1 and Table 1). These primers bind regions of the virus capsid
sequence that are conserved amongst members of the lagoviruses
while at the same time spanning a region that contains enough
104 T. Strive et al. / Virology 384 (2009) 97–105differences between isolates to allow the identiﬁcation of a new virus
strain or species.
For the extraction of RNA, 50 mg of each tissue were processed
using TRIZOL (Invitrogen), according to the manufacturer's instruc-
tions. For the extraction of RNA from the intestinal samples a mixture
of intestinal tissue and contents was processed. Serum samples were
processed from 0.2 ml using the PureLink viral DNA/RNA Mini Kit
(Invitrogen) according to the instructions of the manufacturer. For the
preparation of RNA from rabbit faeces, 100 mg of pellets were
dispersed in 1.5 ml PBS buffer and soaked for 30 min at 4 °C. The
samples were centrifuged at 10,000 g for 30 min and 0.5 ml of the
supernatant was recovered for RNA extraction following the protocol
used for serum samples.
First strand cDNA synthesis was performed with approximately 3–
5 µg RNA, an oligo dT18 primer and Superscipt RT III (Invitrogen)
reverse transciptase according to the instructions of the supplier.
Viral cDNA was detected in 20 µl PCR reactions on 96 well PCR
plates, containing 2.5 mM MgCl2, 0.2 mM each dATP, dGTP, dCTP and
dUTP, 1 unit of PlatinumTaq (Invitrogen), 0.04 units Uracil N-
Glycosylase (Invitrogen), 20 pmol of each oligonucleotide Rab1b and
Rab2 (Table 1). Cycle conditions were 37 °C for 30 min, 94 °C for
10 min, 44 repeats of 15 s at 95 °C, 20 s at 65 °C and 20 s at 72 °C,
followed by a ﬁnal extension step of 1 min at 72 °C. Samples were
immediately analysed on 1.5% agarose gels. RNA from the liver of an
animal that died from RHDV as well as a plasmid PVL1393-EBHSV-
VP60 containing the capsid gene of EBHSV (kindly provided by Dr.
Beatrice Boniotti, Brescia, Italy) were included as positive controls.
For the sequencing of the entire genome, similar reaction
components were used and the elongation steps in the cycle
parameters were adjusted according to the length of the expected
fragment. Oligonucleotides used for sequencing are listed in Table 1.
The consensus genome sequence was obtained by ampliﬁcation of
eleven overlapping fragments. Each of these fragments was obtained
twice in two independent PCR reactions using cDNA from two
different individuals (MIC 1-4 and MIC 1-6) as a template. The PCR
fragments The 5′ end and the 3′ end of the genome were obtained
using the 5′ RACE system (Invitrogen) and gene speciﬁc primers
MICV-GP1 and MICV-GP2. The SMART™ RACE cDNA ampliﬁcation kit
(Clontec) and primer MICV-7 were applied to obtain the 3′ end of the
genome. Both RACE kits were used according to the instructions of the
supplier. Ampliﬁed fragments were puriﬁed using QIAquick (QIAGEN)
and sequenced directly in both directions using the ampliﬁcation
primers. Sequencing analysis was performed at the Australian
Genome Research Falicity (Brisbane, Australia). The computer pro-
grammes BioEdit 7.0 andMEGA 4.0 (Tamura et al., 2007) were used for
sequence alignments and phylogenetic trees.
Western blot detection of viral proteins
For the enrichment of putative viral particles a 10% w/v homo-
genate of small intestinal tissue material was obtained using an Ultra
Thurrax mixer. The homogenate was clariﬁed by centrifugation at 4 °C
for 20 min at 3000 g and 30min at 12,000 g. The clariﬁed homogenate
was then puriﬁed using a 20% w/v sucrose cushion in PBS and
centrifugation for 90min at 100,000 g. Virus pellets were resuspended
in PBS 0.05% Tween20. Puriﬁed RHDV used as a control was obtained
using the same protocol with 10% w/v liver homogenate as starting
material. For the detection of viral proteins in a Western blot, virus
preparations were incubated for 5 min at 100 °C in the presence of 5%
β-mercaptoethanol, separated by electrophoresis on a 12% polyacry-
lamide gel and transferred to a nitrocellulose membrane using
standard protocols. Membranes were blocked over night with
Phosphate Buffered Saline (PBS) containing 5% non fat milk powder
(BioRad), followed by incubation with monoclonal antibody 5G3
(kindly provided by Dr. Lorenzo Capucci, Brescia, Italy) at a
concentration of 2 µg/ml in PBS containing 1% fat free milk powderand 0.05% Tween20. A secondary biotin labelled goat anti mouse IgG
antibody, Peroxidase labelled Streptavidin and 3′3′-Diaminobenzidine
(all Sigma) were used to stain proteins on the membrane, according to
the protocols supplied by the manufacturer.
Real time PCR quantiﬁcation of viral RNA
Standards for Real Time PCR were constructed by cloning a 0.8 kb
RCV-A1 fragment obtained with primers ALR-1 and ALR-4rev into
pGEM Teasy (Invitrogen). The resulting plasmid was linearised with
SpeI and runoff transcripts were produced from the T7 promoter
using the Riboprobe in vitro transcription kit (Promega) according to
the instructions of the manufacturer. As an internal ampliﬁcation
control, a DNA fragment encoding Enhanced Green Fluorescent
Protein (EGFP) was cut from plasmid pEGFP (Promega) and cloned
into pGEM T easy via EcoRI and PstI. The resulting plasmid was
linearised with EcoRI and runoff transcripts were produced from the
SP6 promoter as described above. The concentration of both runoff
transcripts was measured photometrically and the copy number was
determined using the formula provided by the supplier. Serial
dilutions of both single stranded RNA molecules were used as
standards in Real Time PCR.
For Real Time quantiﬁcation of viral RNA in the rabbit tissues, a
duplex RT-PCR was developed amplifying the target gene and the
internal control in one tube. RNA template was diluted 1:10 and the
PCR was repeated if inhibition of the internal control ampliﬁcation
was observed. The amount of the internal control was adjusted to be
ampliﬁed with a CT value of approximately 30. A Rotor Gene2000
instrument (Corbett Research) with a 72-well rotor was used for
ampliﬁcation. RNA from different tissues was ampliﬁed using the One
Step RT-PCR kit (QIAGEN) according to the instructions of the supplier.
Each reaction contained a ﬁnal concentration of 0.53 µM of the target
gene primers PCRMIVC_1951FL and MIVC_1951FL/2004RU, and
0.27 µM of the internal control primers GFP_620FL/653RU and
GFP_620FL. The MgCl2 concentration was adjusted to 5.5 mM. The
Lux primers were designed using the web based design tool D-LUX™.
Cycle conditions used were 30 min at 50 °C, 15 min at 95 °C
followed by 40 repeats of a two step cycle with 5 s at 95 °C and 20 s at
60 °C. A ﬁnal ramping step from 60 °C to 99 °C was added to conﬁrm
the speciﬁcity of the signals and the absence of primer dimers. All
samples were tested in duplicates. Real Time PCR results were
analysed using the RotorGene 2000 software.
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